ZrCN coatings were deposited by dc reactive magnetron sputtering with N 2 flows ranging from 2 to 10 sccm in order to investigate the influence of the nitrogen incorporation on structure and properties. Information about the chemical composition was obtained by glow discharge optical emission spectroscopy and Rutherford backscattering spectroscopy. The evolution of the crystal structure studied by X-ray diffraction revealed the formation of a face-centred cubic ZrCN phase for N 2 flows greater than 4 sccm. Additionally, the presence of an amorphous phase in the coatings deposited with the highest N 2 flows could be evidenced by Raman spectroscopy and X-ray photoelectron spectroscopy. This phase can act as a lubricant resulting in a low coefficient of friction as shown in the conducted ball-on-disc tests. Nanoindentation measurements showed that coatings deposited with a 6 sccm N 2 flow had the maximum hardness which also revealed the best performance in the conducted dry cutting tests.
Introduction
The increasing demand of new materials with enhanced mechanical and tribological properties has strongly encouraged investigations in the field of surface engineering and a wide variety of coatings like diamond-like carbon, transition metal nitrides, carbides and carbonitrides have been developed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among the transition metal nitrides and carbonitrides, Ti-based coatings have been extensively studied and evaluated with respect to industrial applications [8, 15] . However, despite the fact that ZrN films have good characteristics concerning hardness, corrosion resistance and tribological performance and, similar to TiCN, significant improvements by carbon addition can be expected, studies concerning the synthesis and properties of ZrCN coatings are quite scarce.
Researchers that investigated ZrCN coatings reported on the synthesis by chemical vapor deposition (CVD) [2, 5] and physical vapor deposition (PVD) [2, 3, 6, 7, 21] techniques. Rie et al. [5] obtained a ZrCN coating with a dense columnar structure by plasma-assisted CVD. Structural investigations by Larijani et al. [7] showed a variation of the lattice parameter due to the substitution of N atoms by C in the ZrN crystal lattice. Since both compounds, ZrN and ZrC, form a solid solution over the entire composition range, the change of the lattice parameter is in agreement with Vegard's law. Measured hardness values reach up to 1040 HK0.01 [5] , 3600 HV0.1 [3] , 2500 HV [7] and 28.0 GPa [4] while the highest values are typically observed for a C/N ratio slightly exceeding 1. Investigations by Gu et al. revealed a good corrosion resistance for ZrCN coatings deposited by arc-evaporation which are promising results for the use of these coatings in decorative applications. In terms of cutting behaviour, Kudapa et al. combined TiCN with ZrCN deposited by medium temperature CVD and found an improved abrasion wear resistance and prolonged tool lifetime in machining of nodular iron and 4340 low-alloyed steel [2] . In general, the studies carried out so far indicated that ZrCN coatings could be a promising material in a wide variety of mechanical devices, but studies relating the structure of ZrCN coatings to their properties including mechanical and tribological properties as well as the cutting performance are rare.
In the present work, ZrCN coatings were synthesized by dc reactive magnetron sputtering. The study addresses the influence of the nitrogen concentration on the structure and properties of the coatings, in particular mechanical and tribological properties as well as cutting behaviour. For the latter ZrCN coatings have been deposited onto cermet cutting tools and were compared with a commercial coating serving as a reference for the tests under dry cutting conditions.
Experimental part
ZrCN coatings were deposited on (100) single crystalline silicon wafers, high-speed steel (AISI M2) and WC-Co "TNMG 16 04 08-QM H13A" cutting tools for turning by dc reactive magnetron sputtering in an Ar/N 2 /C 2 H 2 atmosphere. The deposition system consists of two Surface & Coatings Technology 205 (2010) In order to analyze the chemical composition of the coatings, glow discharge optical emission spectroscopy (GDOES) and Rutherford backscattering spectroscopy (RBS) were carried out. GDOES experiments were performed using a Jobin Yvon RF GD Profiler equipped with a 4 mm diameter anode and operating at a typical radio frequency discharge pressure of 650 Pa and a power of 40 W. The setup was calibrated using standard materials of known composition. In order to improve the quantification of nitrogen, a series of nitride coatings deposited by magnetron sputtering was used as calibration samples [23] . RBS experiments were performed with a 5 MV HVEE Tandetron [24] , and the spectra were collected using 2 MeV H + ions at an ion dose of 7 μC. The data were acquired simultaneously with two silicon surface barrier detectors located at scattering angles of 170°a nd 135°, respectively, and with an energy resolution of 16 keV. The experimental spectra were fitted with the software program RBX [25] .
Fracture cross-sections of the synthesised coatings were examined on a conventional Scanning Electron Microscope (SEM) model LEICA S360. The sample thickness was derived from an average number of three 'ball-cratering' experiments on each sample. The structure and phase composition of the coatings were assessed by X-ray diffraction (XRD) using a conventional Philips PW 1710 diffractometer with Cu Kα radiation operating in the Bragg-Brentano configuration.
Raman spectra were acquired with a Jobin-Yvon HR 460 monochromator and a nitrogen cooled CCD. The excitation light was the 514.5 nm line of an Ar-Kr laser. The incident and scattered beams were focused using an Olympus microscope and a Kaiser Super-Notch filter was used to suppress the elastic scattered light. X-ray photoelectron spectroscopy (XPS) measurements were performed using a hemispherical analyzer and Mg Kα radiation from an X-ray source operated at 300 W constant power. The pass energy was 9 eV giving a constant resolution of 0.9 eV [26] . In order to minimize surface contamination problems, a moderate energy sputter cleaning process was performed with Ar + for 10 min before analysis.
Hardness measurements according to Oliver and Pharr [27, 28] were conducted using a MicroMaterials Nanotest system equipped with a Berkovich indenter applying a maximum load of 15 mN. The tribological tests were performed on a ball-on-disc tribometer from CSM Instruments using alumina balls as counterparts (purity of 99.8% and Ø 6 mm). The tests were conducted at room temperature applying a normal load of 1 N, a sliding speed of 0.1 m/s as well as a constant wear track radius of 7 mm and a sliding distance of 220 m (5000 laps). No lubricant was applied. Subsequent to the tribological tests, the worn-off volume of the coatings was evaluated by an optical 3D white light profiling system (Wyko NT 1000) at 5 areas evenly distributed on the circumference of the wear track. From these measurements, the removed volume was determined and the wear coefficient calculated as the ratio between volume and applied load times sliding distance [29] .
A Cincinnati Milacron Hawk-150 numerically controlled lathe was used to perform turning tests, which were performed with a cutting speed of 200 m/s, a feed rate of 0.1 mm/rot and 1 mm depth of cut. The working material chosen was a usual commercial alloy steel, (0.30% C; 0.40% Si; 0.45% Mn; 2.00% Cr; 0.40% Mo; and 2.00% Ni) with main applications in shafts, bearings and some plastic moulds. Dry turning was used, though eliminating coolant increases the amount of heat at the cutting zone, creating the potential for premature tool wear. The following conventional tool wear parameters were measured by SEM: VB -flank wear, VB MAX -maximum flank wear, KM -distance between tool edge and crater centre (rake face). After the turning tests, the dominant wear mechanisms were revealed by morphological and chemical modifications observed by SEM coupled with an energy-dispersive X-ray spectrometry (EDS) microanalyzer. The commercial cutting tool (one of the best solutions actually available in the market for high-speed turning) used as a reference in the cutting tests was synthesized by CVD. The coating had a multilayer architecture comprising a 8.8 μm Ti(C,N) base layer, a 4.3 μm intermediate Al 2 O 3 layer and a 1.6 μm top TiN layer.
Results and discussion

Deposition rate and chemical composition
The deposition rate of the ZrCN coatings decreases from 2.1 to 1.1 μm/h with increasing N 2 flow. This behaviour can be explained by a progressive poisoning of the targets since the target potential increases from −335 to −390 V. In the case of the Zr x N 1 − x coating, the even lower deposition rate of 0.7 μm/h is associated to a target potential of~−400 V. For the Zr x C 1 − x coating an inverse behaviour was observed with a higher deposition rate of 1.8 μm/h and a lower potential of~−280 V. Table 1 shows the chemical composition of the coatings obtained from average values measured by GDOES and RBS. As expected, the nitrogen content increases from 9 to 48 at.% with increasing N 2 flow during deposition. This evolution is accompanied by a strong decrease of the Zr content from 78 to 35 at.%. The decrease of the Zr content and the increase of the N content are, in the first place, due to the change of the gas composition. Secondly the progressive poisoning of the targets at higher N 2 gas flows probably further enhances the reduction of Zr. Furthermore, the carbon content increases only slightly from 8 to 12 at.%, whereas the oxygen content resulting from the high base pressure and consequently residual atmosphere in the chamber remains almost constant at 5 to 7 at.%. The highest oxygen incorporation could also be due to the low deposition rate. Particularly Oliveira et al. [30] reported the unavoidable incorporation of oxygen by the residual oxygen present in the deposition chamber, due to the low deposition rate. From a detailed analysis of the chemical composition shown in Table 1 , three different compositional regimes for the ZrCN samples can be derived as a function of the Zr/(N + C) atomic ratio. Regime I corresponds to an atomic ratio of Zr/(C + N) ≥ 2.9, Regime II to Zr/(C + N) = 1.3 and Regime III to Zr/(C + N) ≤ 0.7. This classification into three different regimes will facilitate the discussion of the results in the following sections.
Structure
The morphology of the coatings is disclosed by the cross-sectional SEM micrographs of fractured samples as shown in Fig. 1 . The coatings of Regime I (see Fig. 1a) ) present a columnar morphology, typical for coatings grown under low energetic ion bombardment, limited adatom mobility conditions and high deposition rate [31] . These coatings are also porous with voids between fiber-shaped columns and resemble those films of Zone I of the Thornton's structure zone model where the voided growth defects are a consequence of atomic shadowing and limited surface diffusion [32] . Continuing with Regime II (see Fig. 1b) ), the appearance of the coatings changes to a very finegrained, dense morphology. This evolution can be explained by the decrease of the deposition rate which is a result of more pronounced target poisoning as discussed above and the increasing nitrogen content, which gives rise to a growth transition from columnar metallic to fine-grained carbonitrides. In Regime III a fine-globular morphology is visible (see Fig. 1c) ) caused by the excess carbon and nitrogen (see Table 1 ) resulting in continuous renucleation of grains. The main feature of this structure type is the presence of small grains since grain growth by coalescence is strongly restricted due to limited mobility of grain boundaries covered with excess nitrogen and/or carbon [33, 34] .
The X-ray diffraction patterns of all synthesized ZrCN coatings are displayed in Fig. 2 as well as the patterns of Zr x C 1 − x and Zr x N 1 − x for comparison.
According the phase diagram presented on Fig. 3 reported by Binder et al. [35] , Zr can incorporate high fractions of N and form an α-Zr phase. This situation is different for C where only small fractions can be incorporated. Taking into account the Zr contents of 78 and 70 at.% and the N content of 9 and 16 at.% for the coatings in Regime I ((Zr/(C + N) ≥ 2.9), it seems reasonable that mainly a metallic α-Zr phase is formed. It is not clear how the C and the O are incorporated. They probably form phases that are not detectable by XRD.
In Regime II (Zr/(C + N) = 1.3) a face-centred cubic (fcc) ZrN type structure is visible, with a (111) preferred orientation. The peak broadening and the shift to lower angles compared to the Zr x N 1 − x pattern for this coating can be explained by the higher fraction of C atoms in N positions on the ZrN structure inducing the formation of a ZrCN solid solution [36] . In Regime III (Zr/(C + N) ≤ 0.7) the coatings retain the fcc crystal structure, but present a lower degree of crystallinity and the preferred orientation changes. However, the low Zr/(C + N) ratio suggests the presence of an additional, X-ray amorphous phase, most likely amorphous excess C or CN x . Indeed, these phases were also observed within the TiCN system [37] . The formation of this phase can hinder continuous grain growth and stimulate permanent renucleation as described by Barna [38] , which is in agreement with the morphology evolution of these coatings previously discussed.
In order to better understand the structural evolution, coatings from the three different regimes were analyzed by Raman spectroscopy as shown in Fig. 4 . For the Regime I coatings, the spectra show a large number of very weak and broad bands centred at around 151 and 203 cm −1 for acoustic modes, and at 480 and 560 cm −1 for ZrN optic modes, slightly shifted as compared to literature values [39, 40] . These forbidden bands are activated by the presence of crystalline defects expected by the growth process, as discussed before in the XRD results [41, 42] . For the Regime II coating the same bands are visible, but there is an increase in intensity in the first order bands, which may be explained by the decrease of the Zr/(N + C) atomic ratio and an increase of the fcc ZrN phase. In the region between 1250 and 1595 cm −1 several authors assigned carbon phases like C−N at 1250 cm −1 and C=N at 1500 cm −1 [43] as well as D and G bands of carbon materials at 1370 and 1580 cm −1 [44] . The similarity of the vibrational frequencies of C-C and C-N and consequently the broad band modes make the interpretation of the results difficult. For the coatings of Regime III, the same features as for Regime II are found. The vibration frequencies of solid carbon nitrides are expected to be close to the modes of the analogous unsaturated CN x molecules, which are 1500-1600 cm −1 for chain-like molecules and 1300- [28] . −1 for ring-like molecules [43] . This means that there is no distinction in the D and G band region between modes due to C or to N atoms sp 2 hybridized bonding, probably due to the dominating structure of the amorphous CN x material. The low Zr/(N + C) ratio suggests, besides a ZrCN crystalline phase, the formation of an additional a-CN x amorphous phase. A thorough analysis by XPS was conducted to gain additional information about the chemical bonding state of the coatings. The Zr 3d core level spectra are characterized by the doublet terms Zr 3d 3/2 and Zr 3d 5/2 due to spin-orbit coupling. Upon fixing the intensity ratio of the peaks at 1.6 and the spin-orbit splitting at 2.4 eV, it was possible to perform a deconvolution of the Zr 3d spectra in terms of the different chemical states: nitride (180.0 eV), carbide (179.5 eV), oxynitride (181.9 eV) and oxide (182.9 eV), in agreement with literature values [44] . For simplicity, the following discussion will only refer to the position of the Zr 3d 5/2 term, assuming that the Zr 3d 3/2 is placed at 2.4 eV higher binding energies. Fig. 5 shows the N(1s), C(1s) and Zr(3d) core level spectra of coatings from Regime I (Zr/(N + C) ≥ 2.9) and Regime III (Zr/(N + C) ≤ 0.7). The spectra of Zr x C 1 − x and Zr x N 1 − x are also illustrated for comparison.
In the Zr 3d spectrum of the Zr x N 1 − x sample, the main component is ascribed to Zr-N bonds (180.0 eV). The other two contributions, located at 181.9 and 182.9 eV correspond to Zr-O-N and Zr-O bonds, respectively [45] . In the C 1s spectrum it is possible to detect a small contribution centred at 285.5 eV that can be attributed to C-N sp2 bonding. The main component (397.0 eV) of the N 1s spectrum is related to N-Zr bonds in agreement with literature values [46] . For Zr x N 1 − x one more small contribution is observed at 399.4 eV, assigned by several authors to N-C sp2. These bonds are located in the region between 399.9 eV [47] and 400.6 eV [26] . The presence of this signal is in accordance with the C 1s spectrum where these C-N bonds are also detected.
The Zr 3d spectrum of Zr x C 1 − x shows a main component ascribed to Zr-C bonds (179.5 eV). The analysis of the second main component of the sample is more complex. The component is centred at approximately 181.1 eV. This sample has a lower N/O than C/O ratio and therefore this component was assigned to Zr-C-O bonds. Although no references could be found in the literature, it is plausible that such a phase is present considering the measured oxygen content. The last contribution found at energies higher than 182.0 eV is attributed to zirconium oxide formation [45, 46] . In the C 1s spectra it is possible to see for the Zr x C 1 − x sample the main component centred at 282.2 eV, corresponding to the C-Zr bonds of zirconium carbides and the second contribution at 284.4 eV can be associated to the C-C bonds of graphite. Concerning the ZrCN coating in Regime I, the Zr 3d spectrum shows three different components. At a binding energy of 182.9 eV there is a contribution usually related in literature to the formation of ZrO 2 . For lower binding energies (181.2 eV) there is a second significant contribution assigned to Zr-C-O bonds as discussed before for the Zr x C 1 − x sample. However, the main component is ascribed to Zr-C bonds at 179.5 eV. This Zr-C bonding is confirmed in the C 1s spectrum where the peak at lower energies (282.2 eV) is related in the literature to C-Zr bonds [45] . A second contribution is centred at 285.1 eV and can be associated to C-N sp2 bonds. [26, 43] The main component of the N 1s spectrum, centred at 397.1 eV, is ascribed to N-Zr bonds [46] . A small contribution for N-C sp2 bonds can be observed centred at 399.3 eV in concordance with the C-N sp2 bonds observed in the C 1s spectrum.
For the last regime analyzed (i.e., Regime III with Zr/(N + C) ≤ 0.7), the Zr 3d spectrum shows the main component ascribed to Zr-N bonds (180.1 eV) [46] . The second component is centred at 181. suggesting that both Zr-C-O and Zr-O-N bonds are present. Finally, the component centred at 183.2 eV is ascribed to ZrO 2 [45] . In the C 1s spectrum, the C-Zr component is centred at 282.4 eV, that is shifted by 0.2 eV towards higher energies in comparison to the carbide peak of Regime I. This denotes the presence of a higher oxidation state for this compound, in agreement with the Zr 3d results of this sample discussed above [26, 45, 46] . The main component is observed at 285.3 eV and can be associated to C-N sp2 bonds, confirmed by N 1s spectra where the presence of N-C sp2 bonds (399.5 eV) is clearly visible. These results explain the presence of a a-CN x phase, supported by the low Zr/(N + C) ratio. Finally, the main component in this spectrum (397.1 eV) again corresponds to N-Zr bonds. It should be pointed out that a small fraction of O and C can be partially incorporated on the ZrCN solid solution.
Mechanical and tribological properties
Hardness and Young's modulus of the ZrCN coatings are shown in Table 1 . The structural changes are consistent with the evolution of these mechanical properties. As shown in Table 1 , the coatings of Regime I show a low hardness due to the high zirconium content. The small increase of nitrogen incorporated results in a slight increase in hardness from 13.1 ± 0.9 to 15.1 ± 0.8 GPa which can be explained by the decrease on the Zr content. For the coating in Regime II, both the chemical composition and structure suggest the formation of a ZrCN solid solution. The hardness obtained for this Regime (H = 29.2 ± 3.2 GPa) is in agreement with values reported by other authors H (ZrCN) = 25.4 − 48.5 GPa [6, 7, 20] . Finally, for the coatings in Regime III the drastic reduction of hardness can be associated to the presence of soft amorphous phases like a-CN x with H(a-CN x ) = 9.5 − 16 GPa [44] and a-C with H(a-C) = 15 − 20 GPa [12] ) as discussed before.
Regarding coating stiffness and according to Carvalho et al. [31] , the columnar structure visible in SEM fracture cross-sections for Regime I coatings may justify the low Young's modulus values measured (E b 190 GPa). The highest value is observed for the Regime II coating (E = 294.9 ± 32.1 GPa) which presents a compact and finegrained morphology. For the coatings in Regime III, the observed reduction on the Young's modulus (E b 245 GPa) should be related with the development of some amorphous phases.
Finally, differences between the three defined regimes can also be observed for the tribological properties as shown in Fig. 6 . The coatings from Regime I, with its columnar and porous microstructure, reveal a rather high coefficient of friction (COF) of~0.5 and an early failure in the performed ball-on-disc tests. For the coating in Regime II, a slight increase of the COF to~0.6 and a pronounced running-in period can be noticed, but this coating is not worn through during the test. Obviously the change in the microstructure is beneficial for the wear resistance of ZrCN and the obtained values for friction and wear are consistent with results found in the literature [1, 20, 48] . In contrast to the other coatings, the ZrCN coatings in Regime III show a low friction with the COF in the range of 0.1-0.2 and a moderate wear. This low-friction behaviour is a result of the presence of an amorphous CN x phase which is known to be a lubricant phase and, hence, significantly reduces the friction as was already well reported on [49, 50] .
Cutting performance
From the performed dry cutting tests, an evident trend is the low cutting time of the majority of the coatings as shown in Table 2 . The coatings grown on Regime I and III presented a catastrophic failure with fracture of the cutting edge after a cutting time between 2.3 and 8.6 min. This type of failure appears when the cutting speed is too high [51] . The tool with the ZrCN coating of Regime II presented wear parameters similar to the commercial tool tested. After a cutting time of 15.5 min this tool presented a flank wear of 110 μm and a maximum flank wear of 190 μm compared to 90 μm and 160 μm, respectively, of the commercial tool. Another remarkable result is the chip form obtained by testing the ZrCN coating of Regime II. For this tool, the formed chips were fragmented in small pieces instead of continuous chips resulting from the operation with the commercial tool. The difference of the chip form can be explained by the smaller KM of ZrCN of Regime II as compared to commercial tool [51] . In terms of production processes, such a fragmented chip form is very beneficial because it can be removed more easily and is less dangerous for operators. In addition, they can also result in an improved surface quality of the workpieces and the easier heat dissipation helps to increase the tool lifetime.
In order to obtain more information about wear mechanisms present on the tool coated with the Regime II ZrCN, the tool tip was analyzed by SEM and EDS. In Fig. 7a ) grooves in the flank face that are perpendicular to the cutting edge can be observed indicating abrasive wear as already discussed in the literature [51] [52] [53] . Additionally, thermal fractures with increasing concentration towards the tool tip are visible as well. These two different types of wear are also confirmed by the analysis of the rake face (Fig. 7b) where the same features can be observed.
The above described wear mechanisms are confirmed by chemical analyses using EDS. In Table 3 the chemical elements present in each signed area on the tool tip as shown in Fig. 7 are summarized. Due to oxidation, during the cutting operation, oxides originating from the coating (Zr-O), the tool (W-O) and the workpiece (Fe-O) were detected. Oxidation occurs since the temperature at the cutting edge can reach values up to 1000°C [54] during operation. The typically detected iron contamination originated from the workpiece while the adherence of the workpiece material can be attributed to both, the high plasticity of the austenitic fcc structure that hardens rapidly and its reactivity with the tool material [55, 56] . These mechanisms are associated to the high temperatures reached during the cutting tests inducing the above described thermal cracks [57] .
The promising cutting performance of the ZrCN coating from Regime II can be correlated to the mechanical properties. As shown in Fig. 8 , the best cutting performance was observed for the coating with the highest hardness and Young's modulus. These points towards an improvement of the strength of the coated tool due to the superior mechanical properties of the Regime II coating. As discussed above, the enhancement of the mechanical properties of this coating results from the formation of a ZrCN solid solution. On the other hand, the formation of a lubricious CN x phase which significantly reduced the friction of the coatings in Regime III apparently does not improve the in-service behaviour.
Conclusions
In the present study, ZrCN coatings were successfully synthesized by magnetron sputtering as a function of N 2 flow and the observed structure could be related to their mechanical and tribological properties. By the compositional analysis the nitrogen content increases from 9 to 48 at.% with increasing N 2 flow during deposition. This evolution is accompanied by a strong decrease of the Zr content from 78 to 35 at.%. Additionally the carbon content increases only slightly from 8 to 12 at.%.
Low nitrogen fractions in the coating result in less dense columnar coatings with a low hardness and a low wear resistance. The optimum in a hardness of~29 GPa was found for the coating with Zr/(C + N) = 1.3. This coating presents a dense microstructure and the increase in hardness can be associated to the formation of a ZrCN solid solution. Tribological tests with this coating revealed a high friction, but moderate wear. A drop of the coefficient of friction to 0.1-0.2 could be observed for the coatings with Zr/(C + N) ≤ 0.7, which is related to the formation of an additional amorphous CN x phase. However, these coatings show a lower hardness (17-18 GPa), but moderate wear in the ball-on-disc tests. The best performance in dry cutting tests was obtained for the coating with Zr/(C + N) = 1.3 which is comparable to the results of a commercial coating serving as a reference. Apparently the higher hardness and Young's modulus beneficially influenced the cutting behaviour, whereas an improvement due to the formation of a low-friction phase could not be noticed. In summary, the observed properties of ZrCN and their relation to crystal structure and chemical bonding offer a good basis for the development of coatings for tribological applications. 
